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Evaluating parsimonious risk-adjustment models for
comparing hospital outcomes with vascular surgery
Nicholas H. Osborne, MD, MS,a Clifford Y. Ko, MD, MS, MSHS,b,c Gilbert R. Upchurch Jr, MD,a and
Justin B. Dimick, MD, MPH,a Ann Arbor, Mich; Los Angeles, Calif; and Chicago, Ill
Background:Most outcomes registries use a large number of variables to control for differences in patients. We sought to
determine whether fewer variables could be used for risk adjustment without compromising hospital quality compari-
sons.
Methods: We used prospective, clinical data from the American College of Surgeons-National Surgical Quality Improve-
ment Program (ACS-NSQIP) for five commonly performed inpatient vascular procedures (N 24,744). For each of the
five operations, we compared the ability of two parsimonious models (an intermediate model, using the top five variables
for each procedure and a limited model using the top 2 variables from each procedure) and the full model (up to 42
variables) to predict the risk of mortality and morbidity at the patient and hospital level.
Results: The parsimonious model was similar to the full model in all comparisons. For the five procedures, the
intermediate, limited, and full models all had very similar discrimination at the patient-level (C indices of 0.87 vs 0.85 vs
0.87 for mortality and 0.77 vs 0.75 vs 0.77 for morbidity), and similar calibration, as assessed with the Hosmer-
Lemeshow test. In evaluating hospital-level morbidity andmortality rates, the correlations between the parsimonious and
full models were very high for both mortality (>0.97 across operations) and morbidity (>0.97 across operations).
Conclusions:Hospital quality comparisons for vascular surgery can be adequately risk-adjusted using a small number
of important variables. Reducing the number of variables collected will significantly decrease the burden of data
collection for hospitals choosing to participate in the vascular module of the ACS-NSQIP. ( J Vasc Surg 2010;52:
400-5.)Although the American College of Surgeons-National
Surgical Quality Improvement Program (ACS-NSQIP) is
one of the most recognized and comprehensive quality
improvement programs,1-4 hospital enrollment has been
limited by the expense of participation and the lack of
procedure-specific performance measures.5 The ACS-NSQIP
is undergoing several organizational changes to address
these concerns. One such change is the transition from a
random sample of all general and vascular procedures to
100% sampling of a smaller number of specific procedures.
These specialty-specific “modules” will measure specific
outcomes of select, commonly performed procedures and
enhance quality improvement activities.5
A procedure-specific measurement strategy may have
other benefits. This approach provides the opportunity to
streamline risk adjustment, allowing for the collection of
other data of interest to vascular surgeons and participants.
Risk-adjustment models generated by the ACS-NSQIP
currently use stepwise logistic regression to define all statis-
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400tically significant variables.4 At present, as many as 82
patient-level variables are necessary to adjust for differences
in patients undergoing a heterogeneous collection of pro-
cedures. However, risk-adjustment models will require far
fewer variables when procedure-specific outcomes are as-
sessed. Previous work in the Ontario cardiac surgery regis-
try has demonstrated that adequate risk adjustment can be
achieved with a small number of key variables (6), with little
improvement with additional variables.6 The general sur-
gery module of ACS-NSQIP has also been shown to re-
quire as few as five variables to adequately risk-adjust pa-
tient and hospital-level outcomes.7
In this context, using the NSQIP, we sought to deter-
mine how many variables would be necessary to adequately
risk-adjust both hospital- and patient-level outcomes for a
procedure-specific vascular surgery module.
METHODS
Data source. The ACS-NSQIP is a large private sector
registry collecting 30-day mortality and morbidity among
participating hospitals. Initially begun in 2003, the ACS-
NSQIP has continued to grow, including 244 hospitals in
2009. The ACS-NSQIP collects robust clinical data, in-
cluding 63 patient demographics, preoperative conditions,
and laboratory values; 19 intraoperative values, 20 compli-
cations, and 30-day mortality.4 Data abstraction is per-
formed by trained nurse-data abstracters and has been
rigorously validated.1,2,8,9
The five core procedures consist of open abdominal
aortic aneurysm repair, endovascular abdominal aneurysm
repair, carotid endarterectomy, lower extremity bypass
graft, and aortofemoral bypass. All patients undergoing
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pant use file (2005-2007) using a combination of common
procedural terminology (CPT) codes from the index pro-
cedure and International Classification of Diseases, 9th Re-
vision, Clinical Modification (ICD-9-CM) primary diagno-
sis codes (N  24,744). Patients undergoing multiple
procedures during the admission were not included.
Full model of morbidity and mortality. A “full”
model for each procedure was separately created for mor-
tality and morbidity using stepwise logistic regression as
described by the ACS-NSQIP.4 A total of 12 full models
were created, one model for each outcome (morbidity and
mortality), creating two models for each procedure and all
procedures combined. In each regression model, variables
with a value of P  .1 were retained (maximum of 82
patient-level variables). The full model for each procedure
comprised as many as 33 variables.
Parsimonious models of morbidity and mortality.
Because one major aim of this restructuring of the ACS-
NSQIP is to decrease the burden of hospital data collec-
tion, we sought to determine how many variables were
necessary to adequately risk-adjust for patient- and hospi-
tal-level outcomes for the five core vascular procedures. We
combined the statistically important variables for all five
procedures to create one composite model of mortality and
morbidity instead of creating five separate models of risk
adjustment for each outcome (morbidity and mortality).
First, we performed stepwise logistic regression for
each of the five vascular procedures with the outcome of
morbidity and mortality separately, defining a value of P 
.10 as our criterion for entry.We then created parsimonious
models by including the most significant variables from
each procedure for both mortality and morbidity, as de-
fined by the order of entry of the variables into the model.
Initially, models were created by sequentially removing
variables from the full model, creating models with as many
as 34 variables and as few as 3 variables.
These models yielded very similar results, and for clarity
of presentation, we present the data with two parsimonious
models, an intermediate model and limited model. The
intermediate model was defined as a model that included
the five most important variables in risk-adjustment models
of mortality and morbidity, determined by order of entry,
for each core procedure. We then created a limited model
of risk adjustment using the two most important variables
from each procedure-specific model. As the NSQIP will
continue to collect core demographic variables, these vari-
ables were included in all models, including age, race,
gender, and body mass index (BMI).
Statistical analysis. Because the purpose of the ACS-
NSQIP is to report differences in outcomes between hos-
pitals and over time, we measured the calibration and
discrimination of the models at the hospital level as well as
at the patient level.
First, we measured the discrimination of the models
using the C index (area under the receiver operating char-
acteristic curve) for the limited, intermediate, and full
model for each of the five procedures, and all five proce-dures combined. The C index is a statistical method to
determine how well a model can discriminate between
patient outcomes. A C index of 0.5 indicates no ability to
discriminate, whereas a C index of 1.0 indicates perfect
discrimination.
We also determined the calibration of the model using
the Hosmer-Lemeshow statistic, which compares the ob-
served and model-predicted outcomes across deciles of
increasing risk. We used the Spearman correlation coeffi-
cient of patient-predicted mortality rates to compare the
limited and intermediate models with the full model.
We assessed the ability of each model to predict out-
comes at the hospital level. Currently, the ACS-NSQIP
reports a calculated ratio of observed (O)/expected (E)
outcomes at each hospital as the primary outcomemeasure.
The O/E ratio is calculated using multivariate logistic
regression model to predict a probability of the outcome
(ie, expected outcome) for each patient. Summing these
probabilities for every hospital, the observed number of
events is then divided by the expected number to generate
the O/E ratio. An O/E ratio of 1.0 is “as expected” given
that hospital’s patient severity,1.0 is better than expected
and 1.0 is worse than expected.
In a similar manner, we calculated the O/E ratios for
mortality and morbidity using the limited, intermediate,
and full models.We then compared the agreement between
these O/E ratios using Spearman correlation coefficients
(limited vs full and intermediate vs full). An empty model
was also generated at the hospital level using a fixed-effects
logistic regression, adjusting for the individual hospital.
This generated an expected mortality rate for each hospital
based solely on the effect of that hospital. The correlation
between the full and empty model was assessed using the
Spearman correlation coefficient between the O/E ratios.
RESULTS
There was a significant amount of similarity among the
risk-adjustment models of mortality and morbidity (Table
I). In particular, several variables consistently were the
among the top five variables in models of both mortality
and morbidity for each procedure, including American
Society of Anesthesiologists (ASA) class, functional status,
and emergency surgery. The intermediate model (of mor-
tality and morbidity) included the top 5 variables from each
of the 5 core procedures, including 12 variables in the
mortality model and 8 variables in the morbidity model.
There was also significant overlap between the stepwise
models of morbidity and mortality, yielding a total of 14
variables in the intermediate model in addition to the core
demographic variables of age, race, gender, and BMI.
Similarly, the limited model included the top two variables
from the morbidity and mortality models of each core
procedure. The limited model (of mortality and morbidity)
included a total of seven variables, including six variables
from the mortality model and five variables from the mor-
bidity model.
Evaluating the calibration and discrimination of the
models at the patient level yielded similar results among the
ists; B
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morbidity (Table II). Overall, the C statistic for the five
core procedures combined did not increase significantly
with more variables (limited vs intermediate model) for
morbidity (0.76 vs 0.77) or mortality (0.85 vs 0.87). For
each individual procedure, the C index remained relatively
stable, with minimal change between models. The C index
was slightly lower, however, in the limited models for
morbidity and mortality after aortofemoral bypass and ca-
rotid endarterectomy (Table II). The calibration of the
model was also assessed using Hosmer-Lemeshow statis-
tics, which were nearly identical (not shown).
The correlation of the predicted probabilities between
Table I. Importance of variables in stepwise logistic regre
Variable 1 2
Order of importance in the
morbidity model
Open AAA repair Emergency surgery History of CO
Endovascular AAA repair Emergency surgery Gender
Carotid endarterectomy ASA class Functional sta
Aortofemoral bypass ASA class History of CO
Lower extremity bypass Functional status Emergency su
Order of importance in the
mortality model
Open AAA repair ASA class Emergency su
Endovascular AAA repair Emergency surgery ASA class
Carotid endarterectomy ASA class Albumin
Aortofemoral bypass Age WBC count
Lower extremity bypass Dialysis Age
AAA, Abdominal aortic aneurysm;ASA, American Society of Anesthesiolog
do not resuscitate; INR, international normalized ratio; MI, myocardial inf
Table II. Comparisons of patient-level discrimination bet
and correlations of predicted possibilities
Procedure Model Morbidity C
Open AAA repair Full 0.72
Intermediate 0.72
Limited 0.70
Endovascular AAA repair Full 0.69
Intermediate 0.70
Limited 0.66
Carotid endarterectomy Full 0.68
Intermediate 0.67
Limited 0.64
Aortofemoral bypass Full 0.71
Intermediate 0.68
Limited 0.66
Lower extremity bypass Full 0.67
Intermediate 0.66
Limited 0.64
All procedures Full 0.77
Intermediate 0.77
Limited 0.76
AAA, Abdominal aortic aneurysm.
aCorrelation of predicted probabilities.the parsimonious models (intermediate and limited) andthe full model was very high for both morbidity and mor-
tality (Table II). Overall, the correlation of the intermedi-
ate model was 0.98 for morbidity and 0.95 for mortality for
all five procedures combined. The correlation of the pre-
dicted morbidity and mortality between models for each
individual procedure varied from 0.70 for aortofemoral
bypass to 0.92 for open abdominal aortic aneurysm repair.
When the performance of the models at the hospital
level was evaluated, there were minimal differences among
the three models (full, intermediate and limited). When the
hospital O/E ratios generated from intermediate and full
models were compared, the correlation coefficients were
0.99 for all operations for both morbidity and mortality
s of morbidity and mortality
3 4 5
Age ASA class Hematocrit
Functional status Creatinine Albumin
Race Albumin Hemiplegia
History of angina Emergency surgery Weight loss
Rest pain BMI INR
Age Ventilator dependence BMI
Creatinine Ventilator dependence Weight loss
DNR status History of MI Age
Albumin ASA class History of COPD
Emergency History of angina Functional status
MI, body mass index;COPD, chronic obstructive pulmonary disease;DNR,
; WBC, white blood cell.
full and parsimonious models of morbidity and mortality
Correlationa Mortality C index Correlationa
1 0.88 1
0.92 0.87 0.90
0.85 0.85 0.86
1 0.89 1
0.87 0.88 0.81
0.78 0.84 0.58
1 0.81 1
0.84 0.81 0.90
0.67 0.74 0.67
1 0.89 1
0.78 0.85 0.70
0.73 0.80 0.69
1 0.83 1
0.89 0.85 0.83
0.70 0.83 0.82
1 0.87 1
0.98 0.87 0.95
0.95 0.85 0.88ssion
PD
tus
PD
rgery
rgeryween
index(Fig 1, A, and 2, A). Similarly, the limited model also
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0.99 for morbidity and mortality across the five procedures
(Fig 1, B and 2, B).
To determine whether individual hospital O/E ratios
changed using the different models, O/E ratios were com-
pared directly for each hospital. Fig 3 demonstrates the
stable O/E ratios of mortality for 34 hospitals (20%) sam-
pled randomly from the data set. Hospital O/E ratios were
nearly identical using the full or intermediate models, but
there was slightly less stability in O/E ratios using the
limited model. Similar stability in the O/E ratios was found
for hospital morbidity O/E ratios (data not shown). As a
sensitivity analysis, we generated O/E ratios for each hos-
pital using an empty model, including only the hospital
itself (Table III). The correlation coefficients between the
empty model and the full model were worse than the
intermediate and limited models.
A sensitivity analysis demonstrated no improvement in
the C index, Hosmer-Lemeshow goodness of fit, patient
level correlations, or hospital O/E correlations when the
number of variables included in the model was increased
Fig 1. Comparison of hospital observed/expected (O/E) ratios
for morbidity using the (A) full vs intermediate model and the (B)
full vs limited model for all five procedures combined.beyond the top five variables (results not shown).DISCUSSION
As quality initiatives and hospital reporting efforts are
Fig 2. Comparison of hospital observed/expected (O/E) ratios
for mortality using the (A) full vs intermediate model and the (B)
full vs limited model for all five procedures combined.
Fig 3. Comparison of observed/expected (O/E) ratios for mor-
tality among 34 hospitals randomly sampled from the NSQIP
defined using the full, intermediate, and limited models.more widely used, adequate risk adjustment is paramount.
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populations between hospitals and must also be cost-
efficient. The ACS-NSQIP presently uses an extensive list of
preoperative clinical and laboratory variables, which trans-
lates into larger administrative burdens and costs. This
study shows that equivalent risk adjustment for vascular
procedures can be obtained with far fewer key variables.
There was minimal difference in hospital rankings when as
few as seven key variables and demographics were used
compared with a full model.
Although we believe this is the first analysis pertaining
to vascular surgery, previous studies have demonstrated
that adequate risk adjustment can be obtained with fewer
variables.6,7 Tu et al6 found that risk adjustment for a
homogenous group of cardiac operations (coronary artery
bypass and cardiac valve procedures) was achieved with six
variables, with little improvement in the predictiveness by
addingmore variables. In the general surgerymodule of the
ACS-NSQIP, a limited model provides adequate risk ad-
justment at the hospital level across five diverse proce-
dures.7 This analysis confirms these findings and applies
them to the most common inpatient vascular procedures.
As suggested by previous work, there may be a finite
number of important variables necessary to accurately pre-
dict patient risk. The NSQIP database has the advantage of
collecting a wide range of well-validated patient variables,
Table III. Comparisons of hospital observed/expected
(O/E) ratios between full, parsimonious, and empty
models of morbidity and mortality
Procedure Model
Correlation of
O/E ratios
Morbidity Mortality
Open AAA repair Full 1 1
Intermediate 0.99 0.99
Limited 0.98 0.98
Empty 0.89 0.90
Endovascular AAA repair Full 1 1
Intermediate 0.99 0.99
Limited 0.99 0.99
Empty 0.96 0.97
Carotid endarterectomy Full 1 1
Intermediate 0.99 1.00
Limited 0.99 0.99
Empty 0.96 0.99
Aortofemoral bypass Full 1 1
Intermediate 0.99 1.00
Limited 0.98 1.00
Empty 0.96 1.00
Lower extremity bypass Full 1 1
Intermediate 0.99 0.98
Limited 0.97 0.98
Empty 0.94 0.98
All procedures Full 1 1
Intermediate 0.99 0.99
Limited 0.98 0.97
Empty 0.80 0.88
AAA, Abdominal aortic aneurysm.including several that are consistently important in therisk-adjustment models, such as emergency surgery, creat-
inine level, history of chronic obstructive pulmonary dis-
ease, ASA class, and functional status. Including several of
the most important variables may explain most of the
differences in risk across hospitals. Additional variables may
add little to the predictiveness of the model and may even
negatively affect model performance. Building models with
more variables is not only inefficient but also leads to
statistical problems such as model overfitting. This phe-
nomenon occurs when too many variables are included in a
model and we observe correlations that are actually due to
chance.10 In contrast, a smaller, efficient model will mini-
mize the risk of overfitting and lead to better estimates of a
hospital’s performance.
This study has several limitations. First, the ACS-
NSQIP does not currently collect procedure-specific patient
covariates or outcomes. Despite the lack of procedure-
specific covariates (eg, tissue loss, poor outflow) and out-
comes (eg, endoleak rate after endovascular abdominal
aortic aneurysm repair or amputation after bypass), this
study has demonstrated that equivalent risk adjustment can
be attained with fewer variables. Future versions of the
NSQIP will include procedure-specific variables, which will
likely further minimize the number of variables necessary
for adequate risk adjustment. For example, carotid endar-
terectomy could include important variables such as the
presence of contralateral disease. Adding these procedure-
specific variables will significantly strengthen the ability of
the NSQIP to risk-adjust patients and evaluate hospital
quality. Nonetheless, using existing NSQIP variables, we
have established that we can significantly decrease the bur-
den of data collection and allow more important variables
to be captured.
Second, the NSQIP currently includes 250 hospitals,
and those hospitals are disproportionately teaching hospi-
tals. As the NSQIP continues to grow, more diverse hospi-
tals may be included that will require different variables to
adequately risk-adjust. Ongoing efforts will need to contin-
ually assess the predictiveness of the risk-adjustmentmodels
and adjust them as necessary.
CONCLUSIONS
This study demonstrates that risk adjustment can be
performed with fewer variables; however, it remains unre-
solved exactly which variables should be collected. A con-
sensus among NSQIP participants and NSQIP administra-
tion will be necessary to identify the procedures of interest
and not only the statistically most important variables but
also those that remain clinically important. In addition,
decreasing the burden of preoperative data collection will
free NSQIP to begin collect procedure-specific patient
factors and outcomes. A focus on procedure-specific vari-
ables and long-term outcomes may translate into more
meaningful quality information for hospitals and vascular
surgeons.
This study has clear implications for the ACS-NSQIP
and other quality improvement programs, as the leadership
considers the vascular module of the ACS-NSQIP. Moving
JOURNAL OF VASCULAR SURGERY
Volume 52, Number 2 Osborne et al 405toward specific vascular procedures, this study has demon-
strated that the number of patient variables collected can be
dramatically decreased. Collecting a smaller set of key vari-
ables will allow the ACS-NSQIP to collect meaningful
procedure-specific variables and outcomes while making
the NSQIP more affordable and useful to more hospitals.
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